We study experimentally a round Jet In CrossFlow (JICF) at low values of the jetto-crossflow velocity ratio R using instantaneous and time-averaged three-dimensions three-components (3D3C) velocimetry. The difference between instantaneous and time-averaged swirling structures of the JICF is emphasized. Through the analysis of spatial distribution of instantaneous transverse and longitudinal vortices the main transitions of the JICF are characterized for 0.15 < R < 2.2. A new transition at very low velocity ratio is found (R < 0.3). When R is large enough (R > 1.25), the classic JICF topology is recovered. In between, a deformation of the classical JICF topology is observed consisting in a progressive disappearance of the leading-edge vortices, a bending of the jet trajectory and thus a strengthened interaction with the boundary layer. toward the wall.
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We study experimentally a round Jet In CrossFlow (JICF) at low values of the jetto-crossflow velocity ratio R using instantaneous and time-averaged three-dimensions three-components (3D3C) velocimetry. The difference between instantaneous and time-averaged swirling structures of the JICF is emphasized. Through the analysis of spatial distribution of instantaneous transverse and longitudinal vortices the main transitions of the JICF are characterized for 0.15 < R < 2.2. A new transition at very low velocity ratio is found (R < 0.3). When R is large enough (R > 1.25), the classic JICF topology is recovered. In between, a deformation of the classical JICF topology is observed consisting in a progressive disappearance of the leading-edge vortices, a bending of the jet trajectory and thus a strengthened interaction with the boundary layer. toward the wall.
Thanks to a state-of-the-art review on the JICF topology and using visualizations of the flow structures extracted from our experimental volumetric velocimetry measurements, this article provides a complete transition scenario of the JICF topology from the high velocity ratios to the lowest ones, and gives the topological transition threshold associated with each kind of vortex. 
I. INTRODUCTION
Jets In CrossFlow (JICF) are used in many industrial processes such as film cooling, fuel injection and flow control. This flow has been studied for several decades and continues to be an active subject of research for many experimental or numerical research teams. Reviews on the subject can be found in Karagozian 24 , Margason and Tso 31 .
Because the jet penetrates the crossflow, and then becomes an obstacle for it, the JICF topology is mainly governed by the competition between the jet momentum and the crossflow momentum. When studying a JICF one of the key parameters is then the momentum flux ratio, defined as
∞ where ρ j and V j are respectively the jet density and mean velocity while ρ ∞ and V ∞ are the free stream density and crossflow bulk velocity. If the jet and free stream fluid densities are equal (ρ ∞ = ρ j ), the momentum flux ratio becomes a velocity ratio R = (J) = V j /V ∞ . A recent study 11 has proposed a more accurate definition of the momentum ratio and proved its relevance to study the jet counter-rotating vortex pair trajectories.
The interaction between the jet and the crossflow leads to a complex three-dimensional and highly unsteady flow made of multiple shear-layers and numerous intricated vortical structures in close interaction with each other. As a result, the study of the JICF topologies The Counter-Rotating Vortex Pair or CRVP (Fig. 1a) is usually considered to be the main vortical feature of the time-averaged JICF topology and considerable attention has been devoted to its study 27, 47 , and in particular its formation 17, 27, 30, 38 .
To the author's knowledge there are no recorded cases of a circular JICF configuration in which the CRVP is not present. Moreover the CRVP is the only structure of the mean field remaining far from the injection site, sometimes persisting as far as a thousand jet diameters as shown by Keffer and Baines 25 . It originates from a folding of the jet body and shear-layers near the base of the jet as it is shown in Fig. 1a and 1b. This folding of the jet upstream shear-layer gets vorticity from the arms of the hovering vortex.
The Hovering Vortex (HoV) is a junction flow vortex present in both topologies ( Fig. 1) 3 which is wrapped around around the jet base. At high R, this vortex is located between the horseshoe vortex and the jet base upstream the jet 26, 27, 33 . At low R, the hovering vortex is pushed back inside the jet pipe and for this reason has been called Inner Vortex by Bidan and Nikitopoulos 5 .
The CRVP has been extensively studied : mixing rate 7, 23, 37, 48 , circulation decay 7, 21, 48 , vortex cores trajectory 11 , jet spreading 18 . The auto-induction between the CRVP branches ( Fig. 1a) have an important impact on the jet trajectory straightening. It also creates a vertical aspiration which lifts up the boundary layer 27, 35, 39 as well as the quasi-streamwise wall vortices forming the wake vortices 19, 27 (Fig. 1b) . This entrainement strongly contributes to the mixing of matter and energy in the transversal planes 17, 36, 47, 51 . This is the reason why the JICF is of great practical interest for industrial applications where it can be used, for instance, to increase the mixing or to force the transition in a boundary layer. Although the CRVP has been historically defined has a vortex of the time-averaged velocity field 1, 7, 16, 17, 19, 23 it is considered also by some studies 12, 27 as an instantaneous vortical structure which breaks down a few diameter after the jet injection 27, 39 .
The HorseShoe Vortex (HSV) is present in both time-averaged and instantaneous topologies ( Fig. 1a,b ). It comes from the roll-up of the boundary layer and wraps around the base of the jet while being stretched by the cross-flow. It is therefore intrinsically linked to the junction flow 46 created just upstream the jet 3, 26, 28 . Among the JICF vortical structures, it can be put in the category of the wall vortices, which originates from the wall boundary layer vorticity and are generated due to the jet presence.
The wake vortices 19, 34, 47 also called upright vortices (Fig. 1b) are also wall vortices. Despite the similitude with a von Kármán alley, it has been proven by Fric and Roshko 19 that these tornado-like structures are not related to a von Kármán instability. They originate from foldings of the boundary layer that are lifted up by the aspiration induced by the CRVP 5, 19 . Therefore, the wake vortices only exist in a limited velocity ratio range 19, 27 (2 < R < 10), when the CRVP trajectory is altogether high enough for these structures to develop and close enough from the boundary layer for them to be lifted up by the CRVP.
The shear-layer vortices are the fundamental vortical structures of the instantaneous JICF topology. They consists of a system of intricate loop vortices located along the shear layers on both sides of the jet 30, 39 . Their legs and arms are entangled together in the region which becomes the CRVP in the time-averaged velocity field. The Recirculation Vortices (RcV) develop on the shear layer on the downstream side of the low velocity area located just behind the jet, considered as the recirculation area.
They form a few diameters after the jet exit and are there convected downstream by the jet entrainment.
Surprisingly, most of the studies dedicated to the round steady JICF with a straight injection pipe focused on the high velocity ratios. Only a few articles 1, 5, 20, 22, 33, 43 show results for a round straight (jet axis perpendicular to the wall) JICF for R < 1.5. Except two articles 5,22 , only one or two different velocity ratios below R = 2 are investigated in each study which is insufficient to really evaluate the influence of the velocity ratio on the JICF topology. To our knowledge, until now, there has been no systematic and extensive experimental study for low velocity ratios performed with the same experimental setup. Based on a numerical study and the stability theory, Ilak et al. 22 proposed a transition scenario of the JICF topology at low velocity ratio. In view of a state-of-the-art review on the JICF topology and using visualizations of the vortices extracted from experimental volumetric velocimetry measurements, this study aims at providing a complete transition scenario of the JICF topology from the high velocity ratios to the lowest ones. After detailing the experimental setup and methods in section 2, time-averaged and instantaneous isosurfaces are shown in section 3 and used for describing the transition of the JICF topologies. In the fourth part of this article, the statistical spatial distributions of instantaneous vortices in the symmetry plane and in the transverse planes are used as another way to evaluate the topology transition based on instantaneous vortices.
Both parts confirm the existence of a very low velocity ratio transition of the JICF topology which is exposed in section 5 and compared to the more recent studies found in the literature.
Finally, a complete transition scenario of the JICF topology is presented in the last part of this article. It integrates both our results and other studies results and gives the topological transition threshold associated with each kind of vortical structures (LEV, HSV, HoV).
II. EXPERIMENTAL FACILITIES AND VOLUMETRIC VELOCIMETRY TECHNIQUE

A. Hydrodynamic channel
The experiments were carried out in a low-speed hydrodynamic channel in which the flow is driven by gravity. A divergent part, two honeycombs and a convergent section reduce the free-stream turbulence and suppress undesired large structures. The test section is 80 cm long with a rectangular cross section 15 cm wide and 10 cm high (Fig. 2) . Altuglas walls allow for easy optical access from any direction. A custom made plate with a NACA0020
leading-edge profile is used to start the crossflow boundary layer. For our range of crossflow velocities U ∞ , the boundary layer thickness δ varies from 1 to 2.5 cm (Table I) . 
B. Geometrical and physical parameters
The jet supply system was custom made to allow for an easy change of jet nozzle geometry.
Water enters a plenum and goes through a volume of glass beads designed to homogenize the incoming flow. The flow then goes through a removable plate in which one can design the desired jet nozzle geometry. In the following, we focus on cylindrical nozzles with different the intensity peaks corresponding to each particles are detected in each camera frame for each time step. Then, using a spatial calibration, the triplets of 2D particle coordinates are used to reconstruct for each time step a 3D field of particle positions. A particle tracking step, between t and t+dt, leads to the instantaneous raw velocity field. Finally, a last step interpolates this raw velocity field on a grid in order to be able to use classical visualization tools and more generally to post-process the data. More details can be found in Cambonie and Aider 10 , Pereira and Gharib 40 . The set-up was designed and the physical parameters were chosen to optimize the quality of the instantaneous velocity fields, using previous work [8] [9] [10] . The flow is seeded with 50 µm particles, with a visual concentration of 5.10
particles per pixel 10 . The flow is illuminated through an illumination mask located on the upper wall (Fig. 2) and the particles are tracked in the volume using three cameras facing 9 the side wall. The three cameras of this system are 4 MP double-framed with a 12 bit output. Volumetric illumination is generated using a 200 mJ pulsed Nd:YAG laser and two perpendicular cylindrical lenses. Synchronization is ensured by a TSI synchronizer. The measurement volume is 14×6×3 cm 3 and is homogeneously illuminated. 4 mm voxels and a 75 % overlap lead to interpolation grid with one velocity vector per millimeter for both the instantaneous and time-averaged velocity fields.
D. Analysis of the 3D velocity fields using the λ Ci criterion
Instantaneous and time-averaged swirling structures of the flow are visualized using isosurfaces of λ Ci which is a detection criterion of swirling structures initially proposed by Zhou et al. 50 and improved by Chakraborty et al. 13, 14 . This criterion is in reality twofold, based on the complex eigenvalues of the gradient velocity tensor 
III. QUALITATIVE OVERVIEW OF THE TIME-AVERAGED AND INSTANTANEOUS COHERENT STRUCTURES OF THE JICF FOR
< R < 2.2
A. Time-averaged structures Figure 3 shows the swirling structures in the mean velocity field using isosurfaces of For each velocity ratio from R = 1.71 to R = 0.55, a small lowering upstream the jet exit of the transverse shear ω Z isosurface denotes the existence of the vertical velocity induced by the horseshoe vortex. This lowering can not be seen anymore for the lowest velocity ratio (R = 0.16). At this very low velocity ratio, the jet is in an "attached regime" as suggested by
Bidan and Nikitopoulos 5 . The whole jet structure stays embedded in the boundary layer, forming in the time-averaged field a fully closed vorticity shell 5 .
B. Instantaneous swirling structures
For the same velocity ratios, Fig. 5 shows the swirling structures of the instantaneous velocity field using isosurfaces of λ Ci colored by the longitudinal and transversal swirls, 13 respectively λ Ci X (Fig. 5a,b ,c,g,h,i) and λ Ci Z (Fig. 5d ,e,f,j,k,l). It exhibits very different vortex systems depending on the velocity ratio. Because decreasing the velocity ratio leads to a weakening of the upstream shear-layer, the shear layer vortices weaken as well. This phenomenon is visible for R = 1.39 ( Fig. 5e) and R = 1.16 ( Fig. 5f ) where the λ Ci isosurface exhibits less and less red λ Ci Z > 0 on the upstream side.
For R = 0.9 ( Fig. 5g and 5j ) and for the same isosurface value, no leading-edge vortex can be seen anymore in the upstream shear layer. The disappearance of the LEVs uncovers the downstream side and makes the TEVs directly visible. They are still well defined along the strong lee-side shear-layer.
For lower velocity ratios (R = {1.16, 0.90, 0.55}, Fig. 5c , 5f, 5g, 5h, 5j, 5k), the vortex organization on the downstream side of the jet follows the topologies observed by Bidan and Nikitopoulos 5 , Blanchard et al. 6 , with a succession of very well-defined hairpin-shaped trailing-edge vortices. The trajectory of the TEVs is lowered when the velocity ratio is For R = 0.16, an alley of hairpin-like vortices can still be observed, but the horseshoe vortex can not be seen anymore, unless it became a part of the hairpin vortices formation process and can no longer be clearly distinguishable from them. This observation suggests that a transition occurs at very low velocity ratio toward a flow topology very different from the classical high velocity ratio JICF flow topology. One can also notice that it does not correspond to the recent numerical result obtained by Ilak et al. 22 . This important point will be discussed later.
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IV. EVOLUTION OF THE TIME CUMULATIVE SPATIAL DISTRIBUTIONS OF INSTANTANEOUS VORTICES FOR 0.15 < R < 2.2
To highlight and clarify the salient features and transitions of the instantaneous velocity fields, a statistical approach has been adopted. We focused on the time cumulative spatial distribution of vortices in specific planes of interest: the symmetry plane and the transverse planes (Fig. 7) . One can see on low R, it is located in the jet pipe near the exit, they also called it Inner Vortex.
On the lee-side of the jet, lies a recirculation area characterized by very low velocities.
Beyond this recirculation area, the crossflow finally bypass the jet resulting in a strong positive shear layer on the downstream side of the recirculation area where Recirculation
Vortices are created (RcV). Finally, some local weak swirls of the boundary layer can be seen in the symmetry plane, in the upper part of the boundary layer. Hence, we call them Boundary Layer Vortices (BLV). We use this cumulative spatial distribution of swirling structures in the symmetry plane to study the evolution of the JICF topology when the velocity ratio is decreased from R = 2.13 to R = 0.16 as illustrated on Fig. 9 .
For R = 2.13 ( Fig. 9a) , the swirling strength of the LEVs and TEVs are very close. The standard flow topology shown in Fig. 1b is recovered. The experiments of Fig. 9b,c,d ,e,f,g,h respectively correspond to the ones presented in Fig. 3(a,b,c,d ,e,f), Fig. 4a,b,c,d ,e,f and Fig 5a,b,c,d ,e,f.
In the Fig. 9(a,b) , the velocity gradients between the jet and the outer flow create strong upstream and downstream shear layers. Destabilization of the shear layers due to KelvinHelmholtz instability leads to the formation of the loop vortices which are convected along the shear layers and form the big positive and negative spatial distributions which corresponds to the boundaries of the jet in the symmetry plane.
For 1.5 > R > 1 (Fig. 9(c, d) ), while the jet and crossflow velocities become closer on the upstream side of the jet, the LEVs swirling intensity decreases. In the meantime, the jet is close enough from the upper part of the boundary layer to strengthen the interaction between the RcVs and BLVs whose numbers and swirling intensities strongly increase.
For R = 0.9 ( Fig. 9(e) ), the LEVs cloud has almost disappeared. It starts around X = 20 mm and is composed of a small number of weak vortices, still a few times stronger than the background noise. In the following, a more quantitative analysis will help analyzing this evolution. As the jet becomes more and more embedded in the boundary layer, the confinement of the RcVs against the upper part of the boundary layer decreases their number and swirling intensity. In the Fig. 9(f,g,h) , the LEVs distributions have totally disappeared.
Another remarkable feature of this evolution lies in the horseshoe and hovering vortices , where n = 1000 is the number of instantaneous velocity field used for a given configuration, and n HSV is the total number of negative vortices detected in the HSV clouds of the vortices distribution in the symmetry plane (Fig. 9) . The same definition is used for the number of hovering vortices per instantaneous velocity field N HoV . A few strong HoV can be seen in front of the jet exit for R = 0.34 (Fig. 9g) . The sparse visual aspect of this spatial distribution and the actual count of strong vortices in this area
show that these HoV are no longer part of a steady vortex cloud, but rather are intermittent structures. It is coherent with an intermittent shedding of Hovering Vortex confined in the jet pipe. In this situation this vortex can be called Inner Vortex.
For R = 0.16 ( Fig. 9h) , no sign of shedding is observed consistently with the scenario proposed by Bidan and Nikitopoulos 5 .
C. Evolution of the three-dimensional trajectories of the instantaneous CRVP in the transverse planes for decreasing velocity ratios
In every cross-sections (YZ planes, cf Fig. 7) , the same vortex detection algorithm has been applied on the λ Ci X field (longitudinal swirl). First, the main positive and negative swirling structures are recovered using a classic local maxima detection algorithm. Ten positive and ten negative swirling structures have been kept for each time step. perfectly coincide in the jet far-field. Therefore, these instantaneous streamwise vortices strongly contribute to the CRVP formation as well as its sustaining.
In Fig. 11a , two other small regions composed of counter-rotating vortices can also be seen close to the wall. The spatially homogeneous distribution of very weak vortices in the cross- section corresponds to a background noise of the λ Ci X field. The noise distribution have been used to evaluate the signal-to-noise ratio and to define a filtering criterion.
The small counter-rotating structures close to the wall are neglected to focus on the main counter-rotating vortices area. Even if it would be more accurate to speak of CounterRotating Vortex Areas, this region will be called in the following "instantaneous CRVP".
Indeed, Fig. 11b shows that the standard time-averaged CRVP position perfectly fits with these counter rotating vortex clouds and is therefore mostly the result of the time-averaging of these instantaneous vortices. As a result, we call these instantaneous cloud vortices "instantaneous CRVP". They can be seen as the spatially-averaged influence of the swirling of each instantaneous vortices at the origin of the time-averaged CRVP.
The spatial positions of the instantaneous CRVP branches are defined as the "centers of mass" based on the swirling intensity of the positive and negative distributions (Fig. 11 b) .
These positions are retrieved for each longitudinal position (Fig. 7) , which allows for the definition of a 3-dimensional trajectory of the instantaneous CRVP branches. The 3D instantaneous CRVP trajectories are lower than the centerline jet trajectory (side views) as has already been shown in previous numerical 44 or experimental 11 studies.
They start approximately at the upstream limit and a few millimeters above the jet exit, a position which coincides with the arms of the first LEVs generated on the upstream shear is sketched on each image. Its elliptical shape is due to the axes scaling. Figure 13 shows the instantaneous CRVP trajectories for decreasing velocity ratios. For the cases R={1.71, 1.16, 0.51} (Fig. 13a, b, c) , the deviation induced by the low velocity area can be observed. On the opposite for R = 0.16, the instantaneous CRVP branches tend to get closer showing no trace of the very low velocity area.
Therefore, the vortices detected in the transverse planes also show a different behavior at very low velocity ratio, a sign that a topological transition occur. The topological features of this transition are an evolution of the junction flow vortex properties (disappearance of the HSV and HoV) and the disappearance of the bypass of the very low velocity region by the instantaneous CRVP. Since this latter is the direct results of the jet being an obstacle for the crossflow, it also means a transition toward a new topology for the JICF.
V. SWEPT-JET TOPOLOGY
In this section, an alternative to the junction flow topology at higher velocity ratios is discussed for the very low velocity ratios: the swept-jet topology.
A. Experimental observation of the swept-jet flow
As shown in the previous section, for the very low velocity ratios, the jet momentum is no longer strong enough to provide a steady obstacle to the cross-flow. At low velocity ratios, the experimental and numerical studies of Andreopoulos and Rodi 1 and Muppidi and The formation of the HSV progressively occurs closer to the wall and to the jet exit 27 ( Fig. 14b) . Owing to the linear trend observed in Figure 10b , we can deduce that for the experiments 1, 7 and 8 whose velocity ratio is lower than R = 0.35, the HSV even forms above the jet exit (−0.5 < X HSV ). For these very low velocity ratios, the HSV partially blocks the jet exit and confines the hovering vortex (HoV) inside the jet pipe (Fig. 14b) . For R=0.34 (Fig. 9g) , the competition between the jet momentum and the crossflow momentum is balanced enough for the blockage of the HoV by the HSV not to be perfect and for a few shedding events of the HoV to occur. For R=0.16 ( Fig. 9h) , this is no longer the case.
At the same time, the hairpin's generation mechanism has changed. As can be seen in Fig. 13d , it is no longer supported by the steady lateral shear-layers and the by pass of the very low velocity region. Indeed, the jet no longer is a steady obstacle for the crossflow.
In Fig. 15(a, b) ). In Fig. 15g the isoline seems to progressively reconnect with the jet exit region. Finally, in Fig. 15h the shape of the isoline matches the ones of a junction flow configuration, like the ones for R = 0.34. At the same time, the formation of another hairpin is observed.
This observation is consistent with a two steps scenario where the jet is regularly swept by the crossflow. Figure 15e ,f correspond to the obstruction phase, Fig. 15h to the ejection phase, and Fig. 15g to a transient step. In the first step, the jet is swept by the crossflow. It results in an important obstruction of the pipe orifice by the crossflow fluid. In the second step, an ejection phase occurs triggered by the overpressure created inside the pipe during the first phase: it allows for the jet momentum to be momentarily strong enough to push back the crossflow fluid. This ejection phase leads to the formation of another hairpin vortex. The instantaneous 3D swirling structures corresponding to R = 0.16 are visualized in Fig. 16 using λ Ci vortex lines to define the vortex cores. The vortex cores are colored using the λ Ci X to show the longitudinal swirl. As previously stated for Fig. 5f , an alley of hairpin vortices is very well visualized.
Using the vortex cores instead of the isosurfaces allows the visualization of more subtle characteristics. Indeed, one can clearly see that one pinched hairpin vortex with strong legs is followed by a vortex with more distant legs and weaker swirling intensity. It suggests a different origin for the vortex formation on each phase. A tentative explanation can be proposed to explain this observation. During the partial obstruction phase, the jet velocity is lowered as well as the velocity gradients leading to the vortex formation. The resulting hairpin should then be less intense, with weaker legs. On the other hand, during the ejection phase, the jet velocity V J increases leading to another hairpin with a greater swirling intensity. Due to the higher jet velocity, the hairpin's head is convected higher by the jet velocity which stretches and pinches the hairpin, bringing its legs closer. Another explanation may lies in the interaction between the hairpin's legs and wall side vortices. 
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The JICF topology observed in the present experiments at very low velocity ratios has to be compared with another transition scenario proposed recently by Ilak et al. On the other hand, for the lower velocity ratios they observe a periodic vortex shedding which reaches a limit cycle of a Hopf bifurcation at R = 0.675. Below this value, for R = 0.65, 31 their simulation exhibit a steady flow with a swirling structure composed of two counterrotating branches very similar to a steady CRVP (Fig. 17b) . No steady state could be observed in our experiments, even for the very low velocity ratios. This difference can be explained by some approximations and hypothesis made in this numerical study. Indeed, the key point lie in the choice of the boundary conditions used for the simulations. The jet inflow velocity profile they used is a Dirichlet boundary condition whose form corresponds to a constant laminar parabolic velocity profile (Fig. 17c ).
With such a boundary condition, it is impossible to recover properly the jet physics at low R. Indeed, the strong interactions between the pipe flow and the crossflow fluid leading to a strong deformation of the jet velocity profile at the pipe outlet can not be recovered. Our results show that this assumption is false because the back-flow into the jet pipe cannot be overlooked, especially at very low velocity ratios. In this case, the main features and structures of the JICF as well as their dynamics are no longer located in the far field.
For the high R cases, a parabolic profile can be considered as a good approximation of the jet velocity profile at the jet exit which explains that their simulations match the experiments.
On the contrary, for the low R cases, the numerical simulations have to take into account the interaction between the jet and the crossflow inside the pipe, as demonstrated by Muppidi and Mahesh 35,36,37 , Ziefle and Kleiser 51 . Forcing a parabolic velocity profile at low R forces the flow onto a junction flow configuration with a blockage of the crossflow by the jet leading to the formation of a horseshoe vortex (Fig. 17b) and the existence of a reverse flow region behind the jet (Fig. 17c) . These experiments proves that it is in reality no longer the case and no steady state exists in the very low velocity ratio limit.
C. Discussion on the transition scenario of the JICF at low velocity ratio transition proposed by Bidan and Nikitopoulos
5
The recent study of Bidan and Nikitopoulos 5 , using both numerical simulations and experiments at very low velocity ratio, proposes a very interesting interpretation of the JICF topology consistent with our experiments. Figure 18 sums up their scenario. Rather than the more classic velocity ratio, their main parameter is the jet to cross-flow mass-flux ratio or Blowing Ratio BR = ρ j V j /ρ ∞ U ∞ which in their case equals the velocity ratio R since ρ j /ρ ∞ = 1. It is worth noticing than Bidan and Nikitopoulos 5 adopt a different approach than Ilak et al. 22 , even if some descriptions of the JICF are very similar from both studies.
While the scenario of Ilak et al. 22 clearly adopts the point of view of the stability theory, the scenario of Bidan and Nikitopoulos 5 is more clearly influenced by a film cooling approach, a community well-aware of the very low velocity ratio problematic and where an important distinction has to be made between an attached jet and a detached jet.
To summarize their work, we think relevant to distinguish three different states for the JICF: attached, transitional or fully detached jet. In the "attached regime" the jet develops and stays embedded in the boundary layer with which it deeply interacts (Fig. 3f, 4f and   9h ). In the "transitional regime", the jet still keeps a strong interaction with the boundary layer ( Fig. 3d ,e, 4d,e and 9f,g). As shown by the Fig. 4 and has already been noted by Gopalan et al. 20 , the jet forms then a shell of shear layer which merges with the boundary layer. In the "fully-detached jet regime", the interaction between the jet and the boundary layer is limited to the near-field of the jet exit, when the jet punctures the boundary layer (Fig. 4a,b and 9a,b) .
FIG. 18. Overview of the results of Bidan and Nikitopoulos 5
In their study, the attached jet is observed at very low velocity ratio for R < 0.275 when the jet momentum is way weaker than the crossflow momentum. For Bidan and This scenario summarized on Fig. 18 is in most part consistent with our experiments.
In Fig. 9 , the distribution of vortices in the symmetry plane complies with the scenario of Bidan and Nikitopoulos 5 . For R < 0.275 (R = 0.16 and 0.18), a flat and attached-to-thewall distribution of vortices corresponding to the hairpin's head is observed ( Fig. 9h and Fig. 15e ,f,g,h) while the jet starts to lift up for R=0.34 ( Fig. 9g and Fig. 15a,b,c,d ). We also observe a disparition of the inner vortex in the jet pipe, with an intermittent shedding for R=0.34 ( Fig. 9g) Figure 19b shows the LEV Strouhal number St LEV of each configuration as a function of the velocity ratio. For the velocity ratios R > 0.8 where the definition of a spatial periodicity is relevant (Fig. 19a) , a mean Strouhal value can be estimated, St LEV = 0.337 with a standard deviation σ St LEV = 0.039. This result is in good agreement with the Strouhal number at high velocity ratios found in the numerical study of Ilak et al. 22 . • R ≈ 0.3 for the swept jet transition.
• R ≈ 0.6 for the detached JICF transition characterized the stabilization of the HSV position and the formation of LEV on the upstream shear-layer.
• R ≈ 1.25 for the fully detached JICF which corresponds to the beginning of the classical topology associated with the high velocity ratios. 
VI. CONCLUSION
For the first-time, a thorough experimental study of low-velocity ratio round jet in crossflow has been presented. Volumetric velocimetry measurements were used to characterize the main 3D swirling structures present in both the instantaneous and time-averaged velocity 39 fields. A qualitative analysis was first proposed using visualizations of the swirling structures through λ Ci isosurfaces for increasing velocity ratios. To go further and deeper into the analysis, a statistical analysis of the time-series of instantaneous 3D velocity fields was introduced. Using statistical occurrence of the main swirling structures, it was possible to identify the main transitions of the flow in the low velocity ratio regime. As a result, a global evolution scenario of the round JICF topology has been proposed.
For R > 1.25 (approximately S J 1), the classical JICF topology for the high velocity ratios is recovered (Fig. 1) . The jet is fully detached and the interactions with the boundary layers are negligible. The jet velocity is large enough with respect to the crossflow velocity to form upstream and downstream shear-layer (respectively LEV and TEV) of similar shear intensity (respectively swirling intensity). The jet shortly crosses the boundary layer without significant interactions with this latter. The resulting interaction with the boundary layer is weak.Below R = 1.25, the velocity ratios can be considered as low.
For 0.6 < R 1.25, a progressive deformation of this classical topology occurs while R is decreased. In this regime, the jet is still partially detached. The jet trajectory is progressively bent, which results in a stronger interaction with the boundary layer. In the meantime, the progressive weakening, and followed by disappearance of the upstream shear layer leads to a similar dynamic of the LEVs. The lower jet trajectory increases the interaction between the jet and the boundary layer, between the Recirculation Vortices (RcV) and the upper Boundary Layer transverse Vortices (BLV) whose both swirling intensities significantly increase. This evolution scenario has been confronted with two recent transition scenarios. The one proposed by Ilak et al. 22 was proven to be wrong especially for the very low velocity ratios.
The present study proves the necessity to take into account the interactions of the crossflow fluid with the jet pipe for the low velocity ratio JICF simulations. In these cases, the pipe flow has to be simulated with great care using at least a 10 diameters long pipe 35 in order to get physically relevant jet inflow velocity profile at the jet exit. In particular, a parabolic velocity profile has to be excluded since it forces the JICF onto a junction flow configuration which no longer exists. On the opposite, the transition scenario proposed by Bidan and 
